| INTRODUCTION
The nail is modified to a great extent in some mammals, for example, as a prehensile organ-the claw, or as a point of locomotion-the hoof. In humans, the nail plate is the completely keratinised part of the upper surface of the tip of each finger and toe which provides protection to the phalanges, enhances dexterity and facilitates scratching. In addition, nails serve an aesthetic and cosmetic purpose.
The development of nail unit in humans takes place in between the 9th and 17th weeks in utero by an intricate series of mesenchymalectodermal interactions. 1 The individual digits are apparent from the 8th week of gestation.
2 Nail anlage, the epidermis overlying the dorsal tip of the digit, presents from 9 weeks and is the first embryonic element of the nail unit. A distinct region called the primary nail field can be seen at 10 weeks overlying the tip of terminal phalanx. At the 13th week, proximal and lateral nail folds develop as a result of differential slow growth of the primary nail field and surrounding tissue. By the 14th week, the nail plate can be seen emerging from under the proximal nail fold. At the 17th week, most of the nail bed is covered by nail plate. From week 20, finger and nail grow approximately in tandem.
The growth of mature adult nails has been studied extensively.
3,4
Normal fingernail growth varies from less than 1.8 mm to more than 4.5 mm/mo and varies distinctly between individuals, but is more consistent among members of the same family. 5 The average nail growth rate is 0.1 mm/d (3 mm/mo) and is used to predict nail regrowth time.
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A normal fingernail grows out completely in about 6 months, whereas toenails grow one-third to half the rate of fingernails; thus, toenails take 12-18 months to grow out entirely. 7 The nail growth rate is less than normal in people who are immuno-compromised, immobilised or paralysed, malnourished, suffering from acute infection or undergoing anti-mitotic drug therapy. 
| The proximal nail fold (PNF)
The PNF is a wedge shaped fold of skin lying on the dorsum of fin- 
| The nail matrix and nail plate
Directly underneath the PNF is a small area of highly proliferative epidermal tissue, known as the nail matrix, which produces the nail plate. Nail plate is made up of three different layers which are wellbonded together. The visible white area of nail matrix is called lunula.
The nail plate pigmentation varies with race and is defined by melanocytes present in the nail matrix. Figure 3 ). 14, 17, 18 The toughness of the nail plate can be attributed to this alignment of keratin fibres and to the presence of large numbers of disulphide cross-links due to high proportions of cystine.
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The microstructure of nail plate was further analysed in detail by observing effects of keratinase enzyme on nail plate. 20 It was observed that the enzyme acted on the intercellular matrix that holds the nail corneocytes together and the nail corneocytes on the dorsal The surface appearance of dry nail clipping at room temperature was found to be different than hydrated nail clipping. The dry nail clipping showed stratified corneocyte surface with ridges on the dorsal side, probably representing bundles of keratin fibres ( Figure 5A ). In comparison, the hydrated nail plate showed less striation/ridges on the dorsal surface ( Figure 5B ).
Based on the autoradiographic data, the thickness of the nail plate is determined by the length of the matrix. 6 The thickness of the nail plate progressively increases from proximal to free distal end. 11 The 
| The nail bed
The nail bed is a pink-coloured soft, thin, noncornified epithelium surface, devoid of granular layer and sebaceous glands, which lies below the nail plate and extends from the nail matrix to the hyponychium.
Sometimes, it is referred to as the ventral matrix, since it contributes a few layers of cells on the ventral surface of the nail plate. It is considered to be a transitional zone where living cells keratinise and are integrated in the nail plate. Also, the nail bed is known to have corpuscles and nerve endings which are responsible for sensitivity to light, touch and pressure. 9 The pink colour of the nail bed is due to the enriched vascular supply just below the nail bed.
| The hyponychium
The hyponychium is the thickened epidermis beneath the free distal end of the nail of a digit. It performs the same protective function as provided by the cuticle, PNF and lateral folds.
| FORMATION OF NAIL PLATE
The 
| BIOCHEMISTRY OF THE HUMAN NAIL PLATE
The keratins found in human nail plate are almost identical to those of hair, 23, 24 which is primarily composed of α-keratin. The analysis of human nail plate by immunoblotting technique has shown that it is comprised of approximately 10%-20% soft epithelial keratins (50K/58K and 48K/56K keratin pairs) with the remainder being hard α-keratin. 15 Despite the existence of different forms of α-keratins, they exhibit many similarities in their chemical and structural features. Table 1 . 19, 28 Hair and nail are differentiated along the same lines despite their different morphological characteristics. 9 Nail contains 10%-20% more basic soft keratins, in addition to the sulphur-rich hard keratins present in both tissues. 15 A significant proportion of glutamic acid, half-cystine, arginine, aspartic acid, serine and leucine are present in the human nail plate. It is noteworthy to observe that the content of glycine and half-cystine is similar in human hair and nail, but not stratum corneum. An outstanding degree of physical and chemical stability is conferred to the keratin filaments by the extensively cross-linked disulphide structures corresponding to the high proportions of cystine.
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The proteins of nail and hair are alike and have extensive folding supported by extremely stable disulphide bonds and in addition, have
Van der Waals interactions, hydrogen bonds and coulombic interactions. This explains the high degree of chemical and physical resistance of nail and hair, in contrast to the skin. Although these disulphide bonds are also found to exist in skin to a lesser extent, the geometric spatial configuration of these bonds is different for nail/hair and skin.
As determined by Raman spectroscopy, hair and nail have these bonds in gauche-gauche-gauche conformation and those for stratum corneum are in gauche-gauche-trans conformation, with the latter being less stable.
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The extreme folding of protein molecules and different geometries of disulphide bonds in nail/hair and skin has resulted in a different degree of hydration. Water has been stated to exist in the nail plate in either free or bound form, with the latter accounting for most of the nail's water content. 29 In comparison with the normal nail structure, the loose skin structure allows more free water than bound water.
More quantitative analysis indicates that very little of the water in the nail plate can be considered to be "free". 30 The uptake or rate of loss of water is not affected by the extraction of lipids which suggests that the role played by the lipid pathway in diffusion process of water across the nail plate is insignificant. 31 Although the detailed characterisation of nail keratins has not been done to date, one can approximate a weighted average isoelectric point (pI) of the nail plate by using the per cent composition and the individual pI's of the amino acids from Table 1 . This value was calculated to be 4.7.
The amounts of minerals and electrolytes found in nail plate are highly variable. They include elements such as sodium, potassium, nitrogen, magnesium, calcium, iron, copper, zinc, phosphorus, selenium, sulphur and several others. 9,10,22 Table 2 gives an overview of different methods employed to determine minerals and other exogenous materials in the nail plate. Cholesterol is the primary lipid component of the nail plate. In contrast to the 10% lipid content and 20%-40% water content in the stratum corneum, nail plate contains 0.1%-1% lipids and 7%-12% water (varies with relative humidity). 
| BIOPHYSICAL PROPERTIES OF HUMAN NAIL PLATE

| ELECTRICAL PROPERTIES OF HUMAN NAIL PLATE
In vivo and in vitro resistance of nail plate immersed in phosphatebuffered saline (PBS) solutions as a function of time (hydration) was studied by Hao et al. 35 The resistance of nail plate in both in vivo and in vitro experiments decreased significantly upon 2-hour nail hydration and then slowly decreased to a constant value over time. A significant decrease in nail resistance with hydration supports the notion that nail hydration plays a significant role in the diffusion process through the nail.
| PERMEABILITY OF HUMAN NAIL PLATE
Differences in the physical and chemical characteristics of nail and stratum corneum translate to differences in solute permeation through the membrane. Although the nail plate has been historically considered as a fibre matrix system rather than a lipophilic membrane,
36,37
a recent report by Baswan et al. 38, 39 suggested that there might be additional structure to the nail plate such as residual lipids which leads to lower permeability of hydrophilic to moderately lipophilic solutes.
The diffusion of hydrophilic solutes may be partially impeded by the remnants of the cell membranes which may form a discontinuous lipid barrier. Permeation of drugs through the nail plate depends on various parameters such as the physico-chemical properties of the drug, nail properties such as hydration and thickness, the nature of the 
| Effect of lipophilicity and molecular weight of the permeant
Walters et al. 36, 37 performed transungual permeation studies for a homologous series of alcohol ranging from methanol to dodecanol and compared it to stratum corneum data. As the alkyl chain length increased from 1 to 8, the permeability coefficient through the nail plate decreased. This result was attributed to a decrease in the partitioning of solutes in the nail plate. They also suggested the existence of a parallel lipid pathway for extremely lipophilic compounds, since the permeability coefficient of alkanols after n-octanol increased with chain length. Studies conducted by Kobayashi et al. 43 suggested that the dependence of permeability on molecular weight is more significant than lipophilicity. This conclusion was also supported by a more comprehensive dataset of 42 compounds analysed by Baswan et al.
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Studies conducted by Mertin 
| Effect of pH
The effects of pH on nail permeability using ionisable drugs have been studied by various researchers. The ionisation of drug has been associated with a decrease in transungual permeability due to an apparent increase in the hydrated radius of the molecule. Similar to passive diffusion, transungual iontophoresis is also affected by the change in pH. The nail plate exhibited iontophoretic permselectivity for the delivery of glucose and griseofulvin, 51 similar to that observed in human skin. 44, 52 The permselectivity of nail plate is attributed to the nature of keratin protein whose isoelectric point is around pH 5 and thus, the nail is net negatively charged at pH above the isoelectric point. The anodal iontophoresis was favoured at pH>5 for both glucose and griseofulvin, as the nail plate is negatively charged and enhanced the transport of glucose by convective water flow from anode to cathode direction. It is also noteworthy to observe that passive flux of griseofulvin did not vary significantly with pH. The extent of keratin binding with griseofulvin (33±3.1%) was found to be independent of pH. Environmental factors such as temperature also influence the permeation in nail plate. Malhotra et al. 56, 57 found that the water permeability through nail plate is enhanced significantly with an increase in temperature (test conditions: 37, 47 and 57°C). The activation energy of water permeation through nail plate (7.2 kcal/ mol) was found to be closer to the value of delipidised human skin (6.3 kcal/mol) than for intact stratum corneum (14.3 kcal/mol).
| Effect of nail hydration
The transonychial water loss (TOWL) was found to be lower for diseased nails (6.9 g/m 2 /h) than healthy nails (19.4 g/m 2 /h).
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Jemec et al. did not find any correlation between TOWL and nail thickness, whereas Murdan et al. 60 and Dutet et al. 61 found an in- 
| Other enhancement methods
Chemical enhancers such as urea, thioglycolic acid, hydrophobins, 
| NAIL DISEASES-ONYCHOMYCOSIS
The term onychomycosis is derived from the Greek word "onyx" which means nail and "mykes" meaning fungus. The term is used to describe fungal infection of one or more nail units which can be caused by dermatophytes, yeast or nondermatophyte moulds. The susceptibility of toenail to this disease is 25 times more than the fingernails due to the brunt of the body pressure and occlusive nature of footwear.
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It is usually asymptomatic and thus patients usually do not have any physical complaints and assume it as a cosmetic problem. As the disease progresses, it can cause pain, discomfort, loss of dexterity and sensation.
| Aetiology
There are three groups of fungi associated with onychomycosis:
dermatophytes, non-dermatophytic moulds and yeast. The rate of involvement of various fungal species in onychomycosis are given in Figure 11 . 
| Clinical presentation of fungal infection in onychomycosis
There are four main clinical presentations of onychomycosis, many of which can be further subdivided into four major types as follows.
| Superficial onychomycosis (SO)
This superficial onychomycosis is primarily caused by dermatophyte
T. mentagrophytes and sometimes by non-dermatophytic moulds like
Acremonium spp., Aspergillus terreus and Fusarium oxysporum. The superficial layers of nail plate are directly invaded by fungi and can be recognised by the presence of opaque yellowish-white islands on the external nail plate. As the viable tissue is not involved in SO, inflammation is minimal in patients.
| Proximal subungual onychomycosis (PSO)
In PSO, the fungal organisms invade the nail unit through proximal nail fold, via cuticle, and penetrate the newly formed nail plate migrating distally resulting in subungual hyperkeratosis, proximal onycholysis and destruction of the nail plate. This fungal infection is visible through the cuticle as yellowish-white discolouration, while the distal nail plate remains normal. It is primarily caused by dermatophyte,
T. rubrum.
| Distal lateral subungual onychomycosis (DLSO)
DLSO is characterised by the invasion of nail bed and the underside of nail plate by fungi and can be best described as "nail bed derma- 
| Total dystrophic onychomycosis (TDO)
There are two forms of TDO: primary and secondary. The entire nail unit is involved in TDO and is considered as a combination of all types of the disease.
| Epidemiology of onychomycosis
The literature available on the epidemiology of onychomycosis is var- Figure 12) . 76, 80, 82 The reasons for this age-dependent prevalence may be poor peripheral circulation, smoking habits, diabetes, nail trauma, long exposure to pathogenic fungi, suppressed immune functions and inability to maintain good foot care. 77, 83 It is found to be 2-3 times more common in diabetics than non-diabetics. 84, 85 The prevalence of onychomycosis among children varies from 0.44% (United States, Wales and Finland) to 2.6% (Guatemala) and this 30-fold decrease in prevalence rate relative to adults may be attributed to faster 
| Clinical diagnosis and treatments of onychomycosis
In the present world where advanced medical healthcare is available for most of the conditions, the high prevalence of nail fungal infections suggests that either the treatments currently available are not efficacious or the patients do not realise the condition in early stages.
The clinical diagnosis of onychomycosis is based on a physical examination, microscopy culture of nail specimens and PAS (periodic acid-Schiff) examination of subungual debris (highest sensitivity of all methods). The aetiologic agent is identified by culture of sampled nail specimen.
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The treatment of onychomycosis range from palliative to curative therapies which involve the use of oral anti-fungals, topical therapy and clinical debridement or nail avulsion. The newer oral anti-fungal agents like terbinafine hydrochloride, itraconazole, etc., have shown promising efficacies (~60%) in the treatment of fungal nail infections but has high relapse rates ranging from 25%-50%. 78, 81, 83, 84, 86, 87 In addition, adverse effects such as headache, risk of hepatotoxicity, potential drug-drug interactions limit the use of oral medications, leading to only 35%-65% of physicians prescribing oral therapy for the treatment of onychomycosis. 81 Topical therapies range from the use of topical medicated nail lacquer formulations such as ciclopirox solution (8%) to physical treatments like nail debridement or nail avulsion. In a placebocontrolled, double-blind clinical study, once-a-day application of 8% ciclopirox solution for 48 consecutive weeks resulted in mycological cure rates of 29%-36% and complete cure rates of 5.5%-8.5%. 81 The complete cure rates of 8% ciclopirox solution reported to the FDA during the registration process were as low as 2%-3% for different stages of onychomycosis. 88 Ciclopirox topical nail lacquer is most effective in treating superficial and mild, distal lateral onychomycosis.
When used alone, topical anti-fungal agents are of limited efficacy but may result in synergistic action when used in combination with oral anti-fungals. 
| Transungual iontophoretic drug delivery
The drug/device combination which uses iontophoresis to deliver high concentrations of medication directly to the site of action can greatly improve the treatment of onychomycosis. The literature demonstrating transungual iontophoresis dates back almost three decades. In 1986, James et al. 95 tried transungual delivery of prednisolone across thumbnail to achieve peak plasma levels of about one-third of that achieved by oral ingestion. Various studies were performed by Nair et al. 
| WHY IS THE NAIL FUNGAL INFECTION SO DIFFICULT TO TREAT?
Although the relative permeability per unit thickness of the nail plate is much higher than the stratum corneum, 38 the thickness of the nail plate renders itself as a formidable barrier to anti-fungal drug delivery.
In addition, the relapse rate of the patients treated for nail fungal infection can be as high as 50%. 78, 81, 83, 84, 86, 87 There might be multiple factors such as patients' genetic predisposition, lifestyle and occupation which may lead to this high rate of fungal recurrence. Patients with compromised immune system or with concomitant diseases are more predisposed to onychomycosis and are unlikely to attain a lasting cure. 97 The recurrence could also be associated either with failure to completely treat the infected nail or subsequent re-infection due to exposure to a different fungal strain. Nail fungal infection could also spread within household by being in close proximity with the infected family member. One of the most recently published studies demonstrated that members of the same household were infected with same strain of T. Rubrum. 98 Even if the fungal infection is clinically eradicated, the patient still remains at risk of relapse due to exposure to fungal environment from public showers in gyms and hotel rooms.
Thus, one must avoid being barefoot at places where the potential of fungal infection is high. As a preventative measure, one could spray the shoes with a topical anti-fungal spray or treat it with a commercially available UV shoe sanitiser 99 after each use to avoid the re-infection.
| CONCLUSIONS
Although our knowledge of topical transungual delivery and nail permeability properties has enhanced considerably recently, much information is still unknown like the fine microstructure of the nail plate, structural mathematical model for predicting nail delivery and drug-keratin binding properties. The therapeutic approach to treat the nail fungal infections could possibly be achieved by a combination of topical therapy with physical or chemical enhancement methods.
In addition, special precautionary steps must be taken to avoid the recurrence of the nail infection.
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